Background: Black individuals are at greater risk of stroke and vitamin D deficiency than white individuals. Epidemiologic studies have shown that low 25-hydroxyvitamin D concentrations are associated with increased risk of stroke, but these studies had limited representation of black individuals.
Introduction
Higher circulating vitamin D concentrations are linked to better markers of cardiovascular health. Epidemiologic studies have shown that higher 25-hydroxyvitamin D (25(OH)D) concentrations are associated with lower prevalence of hypertension, diabetes, and inflammation, and lower incidence of cardiovascular disease events and mortality. [1] [2] [3] [4] [5] Experimental data show that vitamin D lowers blood pressure via direct inhibition of the renin angiotensin aldosterone system, 6 enhances insulin sensitivity, 7, 8 and reduces secretion of pro-inflammatory cytokines, 9, 10 providing biological plausibility for an association of 25(OH)D deficiency with cardiovascular disease.
Most of the studies that examined the association of 25(OH)D with cardiovascular disease risk used a composite of events as the primary outcome. Few studies examined the association of 25(OH)D with stroke as a primary outcome, and those that did were limited by a lack of racial diversity. [11] [12] [13] This is important in that low 25(OH)D concentrations are more common in black individuals than in white individuals and are strongly associated with hypertension. 3 Since hypertension plays a critical role in explaining much of the excess risk of stroke in black vs. white Americans, 14, 15 this suggests that lower 25(OH)D concentrations may partly contribute to the higher risk of stroke in blacks as compared to whites. Further, prior studies have shown substantial racial differences in the association of 25(OH)D with cardiovascular disease outcomes including hypertension, coronary heart disease and fatal stroke events. 3, 16, 17 However, no studies have specifically examined if the association of 25(OH)D with incident stroke differs by race. Accordingly, the primary focus of the current study was to examine the association of 25(OH)D with incident stroke in a large, bi-racial cohort of community-dwelling adults.
Methods
The Reasons for Geographic and Racial Differences in Stroke (REGARDS) study is a population-based investigation of stroke incidence in United States (US) adults. Details of the study design have been reported elsewhere. 18 Briefly, the REGARDS study recruited participants between 2003 and 2007 and has been continuously following participants since baseline. The recruitment goal for REGARDS was to enroll a large national study of participants aged 45 years and older that would be evenly balanced in terms of race (black and white), geography (Southeastern US and the rest of the nation), and sex. Potential participants were initially mailed a letter inviting them to participate in a baseline telephone interview lasting approximately 45 min. The telephone response rate was 33% and cooperation rate was 49%, similar to other cohort studies. 19, 20 Following initial verbal consent during the telephone interview, a trained health professional went to the participant's home to collect blood and urine samples, and obtain blood pressure measurements, an electrocardiogram (ECG), other key study variables, and written consent. A pill bottle review was conducted to record information on all medications that participants reported taking during the 2 weeks preceding the in-home study visit. Blood was stored and analyzed at the central lab at the University of Vermont and ECGs were centrally read at Wake Forest University. The study was approved by Institutional Review Boards at all participating institutions. The final study sample included 30,239 participants (42% black and 55% female).
Primary exposure
The exposure of interest was 25(OH)D concentrations measured in baseline plasma samples using a commercially-available ELISA (Immunodetection Systems, Fountain Hills, AZ). The assay range was 5-150 ng/ ml. Intra-assay CVs were 8.82-12.49%.
Outcome of interest
The outcome of interest was incident stroke. Every six months participants or their proxies are interviewed by telephone to determine stroke related hospitalizations. Medical records were pursued for all hospitalizations suspected to be related to stroke, transient ischemic attack, or stroke symptoms. Medical records were first reviewed by a trained neurological clinician to verify the completeness and to remove clear non-stroke cases; suspected strokes were then forwarded on for review by a team of stroke experts. Stroke events were defined according to the World Health Organization definition of stroke. 21 Events not meeting this definition but characterized by symptoms lasting <24 h, with neuroimaging consistent with acute ischemia or hemorrhage, were classified as ''clinical strokes'' and included as stroke events. Strokes were classified as ischemic or hemorrhagic. Ischemic strokes were further sub-classified into etiologic subtypes of small vessel occlusion, large vessel atherosclerosis, cardioembolic or unclassified; hemorrhagic strokes were further sub-classified as intracerebral hemorrhage or subarachnoid hemorrhage. 22 All stroke subtype classifications were based upon the potential stroke etiology discovered during post-stroke evaluation as per other stroke epidemiology studies. [23] [24] [25] 
Derivation of case cohort
We used a case-cohort study design. This approach provides an unbiased estimate of the relative hazard of an outcome(s) without requiring measurement of biomarkers in all participants and is considered a gold standard for minimizing the cost of expensive assays without compromising the power advantage of large cohort studies. 26 Cases included all participants who developed an incident stroke during follow-up through September, 2011. The cohort random sample (comparison group) was selected using stratified sampling to ensure sufficient representation of high-risk groups. All participants with at least one follow-up contact (n ¼ 29, 653) were categorized into 20 strata based on age (45-54, 55-64, 65-74, 75-84, !85 years), race (black or white), and sex (male or female). 27 In each stratum, participants were randomly selected to fulfill the desired distribution: 50% black, 50% white, 50% female, 50% male, 20% age 45-54, 20% age 55-64, 25% age 65-74, 25% age 75-84, and 10% age !85.
Covariates of interest
Age, race, sex, smoking history, annual family income, and educational attainment were determined by selfreport. Systolic and diastolic blood pressure was defined as the average of two seated measures taken after a 5 min rest. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Waist circumference (in centimeters) was measured using a tape measure positioned midway between the lowest rib and the iliac crest with the participant standing. History of coronary heart disease (CHD) was defined as having any of the following: evidence of myocardial infarction on the baseline ECG, self-report of a prior history of a cardiac procedure (coronary artery bypass surgery or percutaneous coronary intervention), or selfreported history of myocardial infarction. Diabetes was defined as self-reported use of insulin or oral hypoglycemic agents, fasting blood glucose concentration of 126 mg/dL or higher, or a non-fasting blood glucose concentration of 200 mg/dL or higher. History of atrial fibrillation was ascertained from self-report or by detection in ECG recordings obtained during the baseline study visit. Left ventricular hypertrophy (LVH) was classified using ECG criteria. 28 Phosphorus and calcium concentrations were measured in baseline plasma samples using standard assays. Serum intact parathyroid hormone concentrations (PTH) were measured using a commercially available ELISA (Roche Elecsys 2010, Roche Diagnostics, Indianapolis, IN). Serum total cholesterol, high-density lipoprotein cholesterol (HDL) and triglycerides were measured by colorimetric reflectance spectrophotometry, and low-density lipoprotein cholesterol (LDL) was calculated using the Friedewald equation. Estimated glomerular filtration rate (eGFR) was determined from serum creatinine measurements using the Chronic Kidney Disease (CKD) Epidemiology Collaboration equation. 29 Urine albumin measured by the BNII ProSpec nephelometer (Siemens AG) and urine creatinine measured by the rate Jaffe´method (Roche/Hitachi, Basel, Switzerland) were used to calculate urine albumin to creatinine ratio (ACR). Chronic kidney disease (CKD) was defined as an eGFR <60 ml/ min/1.73 m 2 or an ACR !30 mg/g.
Statistical analysis
Descriptive statistics were used to compare participant characteristics across categories of 25(OH)D within the cohort random sample using appropriate weights to account for the stratified sampling design. Vitamin D categories were defined using clinically relevant cut-off values (<20 ng/ml, 20-30 ng/ml, >30 ng/ml).
After confirming the proportionality of hazards, weighted Cox regression models for case-cohort studies 30 were used to estimate the hazard ratio of incident stroke as a function of baseline 25(OH)D in sequential models. Model 1 adjusted for age, sex, race, and an age x race interaction term because associations of race with stroke are greater at younger ages, as previously reported. 14 Model 2 adjusted for variables in Model 1 plus systolic blood pressure, season of blood draw, BMI, clinical factors (history of diabetes, history of CHD, atrial fibrillation, current smoking, LVH, and markers of CKD (eGFR, log-transformed ACR)) and use of anti-hypertensive medications, aspirin and statins. Model 3 adjusted for variables in Model 2 plus markers of mineral metabolism (phosphorus, calcium and PTH concentrations) and lipid status (HDL, LDL, total cholesterol and triglycerides). In a sensitivity analysis, we further adjusted for uncontrolled blood pressure defined as a systolic blood pressure !140 mmHg and/or diastolic blood pressure !90 mmHg. 31 In all models, 25(OH)D was analyzed in categories, with the highest category (>30 ng/ml) serving as the referent group. Given wide variability in the distribution of 25(OH)D concentrations by race, we examined for effect modification by race by testing the statistical significance (P < 0.10 was considered significant) of a multiplicative interaction term in the model and examined the same associations using race-specific tertiles of 25(OH)D in black and white participants, separately. In pre-specified analyses, we examined the association of 25(OH)D with stroke risk in models stratified by ischemic vs. hemorrhagic strokes and in models further stratified by ischemic and hemorrhagic stroke subtypes. For the latter analyses, when more than one etiologic subtype was considered present, that case was counted in each subtype group. A two-tailed P value <0.05 was considered statistically significant except for the analyses of interaction. All analyses were conducted using SAS software version 9.4 (SAS Institute, Cary, NC).
Results

Baseline characteristics of study participants
A total of 654 participants who developed a stroke over a median of 3.1 (interquartile range 1.6, 3.9) years of follow-up and 1069 stroke-free participants in the stratified cohort random sample were included in the study. After excluding 97 participants who had a history of stroke at the baseline visit and 79 participants who had missing 25(OH)D concentrations, a total of 1547 International Journal of Stroke, 11 (1) participants constituted the final analyzed sample (610 cases and 937 participants in the cohort random sample). Table 1 reports the baseline characteristics of participants in the cohort random sample by categories of 25(OH)D. Lower concentrations of 25(OH)D were associated with female sex, black race, higher BMI, greater waist circumference, higher blood pressure, lower socio-economic status, current smoking, higher prevalence of diabetes, LVH and CKD, lower prevalence of CHD, greater use of anti-hypertensive medications, lower use of aspirin, and higher PTH concentrations. Table 2 depicts the hazard ratios (HR) of incident stroke by categories of 25(OH)D. Lower concentrations of 25(OH)D were associated with higher risk of incident stroke in models adjusted for age, race, age x race interaction, and sex (25(OH)D >30 ng/ml reference; 25(OH)D 20-30 ng/ml, hazard ratio (HR) 1.07, 95% confidence interval (CI) 0.81, 1.42; 25(OH)D <20 ng/ml, HR 1.61, 95% CI 1.18, 2.22). The magnitude and strength of the associations were unchanged after adjustment for season of blood draw, systolic blood pressure, BMI, diabetes, current cigarette smoking, CHD, atrial fibrillation, LVH, eGFR, log-transformed ACR and use of anti-hypertensive medications, aspirin and statins (HR comparing 25(OH)D concentrations <20 ng/ml to 25(OH)D >30 ng/ml 1.60, 95% CI 1.11, 2.33). Further adjustment for other markers of mineral metabolism, HDL, LDL, total cholesterol, and triglycerides increased the magnitude and statistical strength of these associations (HR comparing 25(OH)D concentrations <20 vs. >30 ng/ml 1.85, 95% CI 1.17, 2.93). The results did not meaningfully change when further adjusted for the presence or absence of uncontrolled blood pressure in study participants (HR 1.79, 95% CI 1.13, 2.84).
Associations of 25(OH)D with incident stroke
No statistically significant differences in the association of lower 25(OH)D with higher risk of incident stroke were observed in blacks as compared to whites in models adjusted for age, sex, season of blood draw, blood pressure, BMI, diabetes, LVH, current smoking, CHD, eGFR, log-transformed ACR, use of anti-hypertensive medications, aspirin and statins, and serum calcium, phosphorus, PTH, HDL, LDL, total cholesterol, and triglyceride concentrations (P interaction ¼ 0.82), though the magnitude of the HR comparing the lowest to highest category of 25(OH)D was numerically higher in blacks than whites (HR 2.62, 95% CI 1.18, 5.83 in blacks vs. 1.64, 95% CI 0.83, 3.24 in whites). Results were qualitatively unchanged when using racespecific cut-points for 25(OH)D categories ( Table 3 ).
Associations of 25(OH)D with stroke subtypes
A total of 536 strokes were classified as ischemic in etiology and 74 as hemorrhagic. When the analysis was restricted to ischemic strokes, the results were similar to analyses using all strokes types-lower 25(OH)D concentrations were associated with higher risk of incident stroke in fully adjusted models (HR comparing 25(OH)D <20 vs. >30 ng/ml 1.84, 95% CI 1.14, 2.97, Table 4 ). When restricted to hemorrhagic strokes, the magnitude of the association was similar (HR comparing 25(OH)D <20 vs. >30 ng/ml 1.82, 95% CI 0.91, 3.65), though it was not statistically significant in models adjusted for age, race, age x race interaction, and sex.
A total of 134 ischemic strokes were further subclassified as being cardioembolic in etiology, 84 as being due to large vessel atherosclerosis, 104 as being due to small vessel occlusion, and 244 were unclassified (the total was greater than 536 because more than one etiologic subtype was identified for some events). In models restricted to different ischemic stroke subtypes, lower categories of 25(OH)D concentrations were associated with higher risk of incident stroke after adjustment for age, race, age x race interaction, and sex in all subtypes, but this association was only statistically significant for small vessel disease and unclassified ischemic stroke subtypes.
A total of 61 hemorrhagic strokes were further subclassified as intracerebral hemorrhages and 13 as subarachnoid hemorrhages. In models adjusted for age, race, age x race interaction, and sex, lower 25(OH)D concentrations were associated with higher risk of intracerebral hemorrhage, though the association just missed statistical significance (HR comparing 25(OH)D <20 vs. >30 ng/ml 2.09, 95% CI 0.96, 4.56; P trend ¼ 0.05). There was no discernible association of lower 25(OH)D concentrations with higher risk of subarachnoid hemorrhage.
Discussion
In this study of community-dwelling adults, lower 25(OH)D concentrations were associated with higher risk of incident stroke. This association was independent of traditional stroke risk factors and was similar in magnitude and strength in black and white participants. These results indicate that lower 25(OH)D is an important risk factor for incident stroke in community-dwelling adults irrespective of black or white race.
Two meta-analyses pooling data from all available prospective studies examining the association of 25(OH)D with stroke (combined total stroke events ¼ 3858), found independent associations of lower 25(OH)D concentrations with higher risk of stroke. 11, 13 International Journal of Stroke, 11(1) International Journal of Stroke, 11 (1) Importantly, however, the studies contributing the most number of stroke events in these analyses had a relatively limited number of black participants, and the few studies that included racially diverse populations had relatively few stroke events. As a result, these studies were limited in their ability to examine potential racial differences in the association of 25(OH)D with stroke risk. This is important in that low 25(OH)D concentrations are International Journal of Stroke, 11(1) much more common in black individuals than white individuals; black individuals have a disproportionately high risk of stroke fatality as compared to white individuals; and several prior studies have shown marked heterogeneity in the association of 25(OH)D with cardiovascular disease events by race. In an analysis of black and white participants of the Third National Health and Nutrition Examination Survey (NHANES), lower 25(OH)D concentrations were associated with higher risk of fatal stroke in white but not in black participants. 17 Similarly, in a report from the Multi-Ethnic Study of Atherosclerosis (MESA) and the Cardiovascular Health Study (CHS), lower 25(OH)D concentrations were associated with higher risk of CHD in white but not black participants. 16 The results of the current study stand in contrast to these prior finding by showing that low 25(OH)D is an important risk factor for stroke in both black and white adults.
There are a number of biological mechanisms that might underlie an association of low 25(OH)D with stroke risk. The active form of vitamin D (calcitriol) directly inhibits renin gene expression. 6 The physiological importance of this pathway was demonstrated in vitamin D receptor knock-out animals that develop severe hypertension and associated down-stream consequences such as left ventricular hypertrophy. 32 Human studies similarly showed that lower 25(OH)D concentrations were associated with renin angiotensin aldosterone system activation 33 and some, but not all studies, showed that treatment with vitamin D lowered blood pressure. [34] [35] [36] [37] Since hypertension is a powerful risk factor for stroke, it is possible that the association of low 25(OH)D with stroke risk may be explained in part by higher blood pressure. Notably, however, the magnitude of the association of 25(OH)D with stroke risk was unchanged in multivariable models adjusted for systolic blood pressure, suggesting that higher blood pressure does not explain the association of lower 25(OH)D with greater stroke risk. Importantly, animal studies have shown direct, neuroprotective effects of vitamin D in ischemia-reperfusion models of cerebral infarction, 38 suggesting that potential beneficial effects of vitamin D may be occurring at the cellular level.
Few clinical trial data exist on the efficacy of vitamin D supplementation on reducing stroke. The data that are available have not supported the efficacy of vitamin D supplementation for reducing stroke risk. 39 However, these data were derived from studies that did not have stroke outcomes as a primary end-point and thus, were not designed to determine whether vitamin D supplementation may reduce stroke risk in the general population. The ongoing Vitamin D and Omega-3 Trial (VITAL) is the largest trial to date with a primary outcome of reducing major cardiovascular events, including stroke events. 40 While not a primary focus of the study, VITAL anticipates recruiting a sufficient number of black individuals to determine whether the effect of vitamin D on cardiovascular outcomes differs by race. Given the results of the current study, if vitamin D is shown to be efficacious in reducing stroke risk among black individuals, this may be an important focus of future interventions meant to narrow disparities in stroke outcomes since mean 25(OH)D concentrations are much lower in black than white individuals.
Our study had important limitations. We had only one baseline measure of 25(OH)D. Inclusion of only black or white adults limits our ability to extrapolate these findings to other races/ethnicities. Recent data suggest that traditional measures of vitamin D may be a poor proxy for true vitamin D status, especially among black individuals, because standard 25(OH)D assays do not discriminate between relatively inert vitamin D bound to its primary carrier protein (vitamin D binding protein) and the more biologically active free or bioavailable vitamin D. 41 Because we did not have direct or indirect measurements of bioavailable vitamin D, we could not examine associations of bioavailable vitamin D with stroke risk and whether these differ from the more traditional 25(OH)D measures used in this study. Our study also had a number of strengths including standardized collection of baseline data as well as prospective data including physicianadjudicated stroke events and ischemic stroke subtypes.
In summary, lower 25(OH)D concentrations were an independent risk factor for incident stroke irrespective of black or white race. Given the much higher prevalence of 25(OH)D deficiency in blacks as compared to whites, if ongoing or future clinical trials support the efficacy of vitamin D supplementation in reducing stroke events, these results suggest that treating vitamin D deficiency may be an effective method for reducing racial disparities in stroke risk in the US.
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